The fruiting bodies of Isaria fungi have been traditionally used in Korea to treat cancer. An apoptosis-inducing compound, 4-acetyl-12,13-epoxyl-9-trichothecene-3,15-diol, was isolated from the methanol extract of fruiting bodies of Isaria japonica YASUDA by bioassay-guided fractionation. The apoptosis of the human leukemia cells (HL-60) by the compound was accessed by propidium iodide-staining flow cytometric analysis, and apoptosis-inducing activity at IC 50 concentration (10 nmol/l) was further confirmed by a nuclear morphological change, a ladder pattern of internucleosomal DNA fragmentation, and an activation of caspase-3.
For many years, the cytotoxic actions of chemotherapeutic drugs were ascribed solely to their ability to induce genotoxic damage. [1] [2] [3] During the past decade, however, evidence has gradually shown that many cancer chemotherapeutic agents induce a cell death process known as programmed cell death, or apoptosis. [1] [2] [3] Although the mechanisms by which chemotherapeutic agents can kill tumors via apoptotic pathways have been controversial, the killing of tumors through the induction of apoptosis is now recognized as a novel strategy for the identification of anti-cancer drugs. [1] [2] [3] Apoptosis is a morphologically and biochemically distinct form of cell death. The apoptotic cell actively destroys itself in a manner which will neither harm neighboring cells nor induce an inflammatory response. [4] [5] [6] This physiological process is distinct from necrotic cell death, which occurs as a result of severe cell injury and results in swelling and lysis. During the development of most muticellular organisms, apoptosis provides an effective mechanism whereby unwanted cells, such as virus-infected cells or tumors, are eliminated. [4] [5] [6] To study the ability of chemotherapeutic agents to induce apoptosis, it is essential to accurately define this mode of cell death. The following traditional criteria for this purpose have been proposed: (1) typical morphologic changes, including chromatin condensation and nuclear fragmentation, must be observed under light microscopy; (2) a DNA ladder must be demonstrated by agarose gel electrophoresis. 7) Several new assays potentially useful for the detection of apoptosis have recently been developed on the basis of biochemical events associated with apoptosis (e.g. DNA fragmentation by a flow cytometry, 6) terminal transferase-mediated dUTP nick endlabeling (TUNEL) staining, 7) and caspase activation 8) ). Several apoptosis-inducing agents isolated from the natural products have been reported to have anti-cancer potential.
9) The genus Isaria infects live insects in the larval and pupal stages, and grows out of the dead host. 10, 11) The fruiting bodies of Isaria fungi have been traditionally used in Korea to treat numerous illnesses including cancer, but their pharmacological properties and bioactive constituents were left uncharacterized. In the course of our studies on the apoptosis-inducing constituents of natural medicines, the methanol extract of the fruiting bodies of Isaria japonica YASUDA (I. japonica) was found to induce apoptosis in human leukemia cells (HL-60). This study deals with the isolation and characterization of the apoptosis-inducing compound from I. japonica.
MATERIALS AND METHODS
Materials RPMI-1640 and fetal bovine serum (FBS) were purchased from Gibco/BRL (Grand Island, NY, U.S.A.). Dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), trypan blue, DAPI and propidium iodide (PI) were purchased from Sigma Chemical (St. Louis, MO, U.S.A.). Z-VAD-fmk, Z-DEVDfmk and Ac-YVAD-CHO were obtained from CalBiochem (San Diego, CA, U.S.A.). All of the solvents were analytical grade and purchased from Merck (Darmstadt, Germany).
Cell Culture The human tumor cell lines, including HL-60, U937, HeLa, MCF-7 and HepG2, were obtained from American Type Culture Collection (ATCC; Rockville, MD, U.S.A.) and maintained at 37°C in a humidified atmosphere of 95% air and 5% CO 2 in RPMI-1640 supplemented with 10% FBS. The cells were split every 2-3 d to maintain an exponential growth. The cell number was assessed by the standard procedure of leukocyte counting using a hemacytometer and the cell viability was checked by the ability of cells to exclude trypan blue. were inoculated into potato dextrose agar, and incubated at 25°C until the fungal colony grow to 5 cm in diameter. It usually took 10 d, and the colony turned gray. The cultures were then refrigerated at approximately 4°C, and used as stock cultures. In the second culture, a 1 l flask, containing 500 ml of culture medium, which had been sterilized at 121°C for 20 min and then cooled to 15°C, was inoculated with four 5-mm agar plugs taken from stock cultures. The flask culture was aerated by agitation on an orbital shaker at 140 rpm for a period of 3 d at 25°C, then at 160 ppm for 4 d. The culture medium consists of potato (200 g/l) and sugars (30 g/l). All cultures were conducted in the dark room. The third fermentation was carried out in the pupae of the silkworm (100 g). The fermentation media were autoclaved at 121°C for 40 min. After the media had cooled to 15°C, they were inoculated with 5 ml of spore inoculum and incubated for 8 d at 25°C in the dark room. After 8 d of cultivation, the culture condition was changed to 60% humidity for 10 d in the dark room, then 80% humidity at 20°C in 2000 lux of brightness for 30 d. After incubation, the fruiting bodies of the fungi were harvested, and extracted with MeOH for further chemical and biological investigations.
Isolation and Structure Determination of 4-Acetyl-12,13-epoxy-9-trichothecene-3,15-diol The air-dried fruiting bodies (226 g) from the fermentation of I. japonica were extracted with methanol (MeOH) for 48 h. The MeOH extract was concentrated, suspended in H 2 O, and sequentially partitioned with n-hexane, CH 2 Cl 2 , and ethyl acetate (EtOAc). The EtOAc-soluble fraction (247.5 mg) was subjected to C18 flash column chromatography with a stepwise gradient of 30 to 100% (v/v) MeOH in H 2 O. The fractions eluting at 30% and 40% MeOH in H 2 O (36.8 mg) were combined, and subjected to preparative reversed-phase HPLC using a gradient from 15 to 35% CH 3 CN in H 2 O over 40 min, then 100% CH 3 CN for 10 min (Alltech HS Hyperprep 100 BDS C 18 (1.0ϫ25 cm; 8-mm particle size; 2 ml/min; UV detection at 210 nm)) to yield compound 1 (12.3 mg). The structure of compound 1 was identified as 4-acetyl-12,13-epoxy-9-trichothecene-3,15-diol (AEDT) by the comparison of MS and NMR data with those reported in the literature 12) and its purity was more than 95%. Full details of the isolation and characterization are available on request.
Nuclear Magnetic Resonance (NMR) Spectrometry NMR spectra were recorded in CD 3 OD using a Jeol Eclipse-500 MHz spectrometer, and chemical shifts were referenced relative to the corresponding residual solvents signals (d 3.30/49.0).
Mass Spectrometry (MS) MS data were obtained on a Micro mass Quattro LC with electro spray ionization method.
MTT Assay for Assessment of Cell Viability The viability of HL-60 cells was assessed by MTT assay which is based on the reduction of MTT by mitochondrial dehydrogenase of intact cells to a purple formazan product. In brief, exponentially growing cells were suspended at a density of 1ϫ10 6 cells/ml in RPMI 1640 medium and treated with various amounts of AETD. After 4 h incubation, MTT solution was added to the culture at a concentration of 1 mg/ml and incubated for another 2 h. The resulting MTT-formazan product was dissolved by the addition of the same volume of lysis buffer (20% SDS in 50% N,N-dimethylformamide (pH 4.7) ) and incubation was continued for 20-24 h. The amount of formazan was determined by measuring the absorbance at 570 nm.
Nuclear Staining with DAPI/PI The HL-60 cells (1ϫ10 6 cells/ml) were cultured in 6-well dishes in RPMI-1640 medium containing 10% fetal bovine serum in the absence or presence of 10 nmol/l of AETD. After 4 h, a 1 ml aliquot was drawn from the suspension and centrifuged at 1000 rpm for 3 min. To the cell pellet was added 4% neutral buffered formalin (100 ml). An aliquot (50 ml) was transferred to slides, which were left at room temperature to dry. The fixed cells were washed in PBS, air dried, and stained with the DNA-specific fluorochrome DAPI/PI for 1 min. The adhered cells were washed with PBS, air dried, and mounted with 90% glycerol. The slides were observed under fluorescent microscopy.
Flow Cytometric Analysis After the appropriate treatment, HL-60 cells (1ϫ10 6 cells/well) were harvested by contrifugation and washed with PBS. The cells were fixed with ice-cold 80% ethanol for 30 min, washed with PBS, and then treated with 0.25 ml of 0.5% Triton X-100 solution containing 1 mg/ml RNase A at 37°C for 30 min. Finally, 0.25 ml of 50 mg/ml PI was added to the sample for 30 min in the dark. Samples were run through a FACS Vantage to count the number of cells (Becton Dickinson, San Jose, CA, U.S.A.).
DNA Fragmentation Analysis HL-60 cells (1ϫ10 6 cells/ml) were treated with various concentrations of AEDT for 6 h. The cells were harvested by centrifugation at 1000 rpm for 3 min, and washed with PBS. The pellet was lysed with lysis buffer containing 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 0.5% SDS, and 0.5 mg/ml proteinase K (Sigma Chemical Co., St. Louis, MO, U.S.A.) at room temperature for 30 min. The mixtures was treated with RNase A (25 mg/ml) at 37°C for 30 min, then the protein precipitation solution was added to precipitate all of the protein and it was centrifuged at 4°C at 1300 rpm for 10 min. Then the supernatant was sampled and extracted with phenol-chloroform (1 : 1, v/v), then the aqueous phase was further extracted with chloroform/isoamyl alcohol (24 : 1, v/v). DNA was precipitated with two volumes of isopropanol. After recovery by centrifugation, the DNA pellet was washed with 70% ethanol, dried in air and suspended in TE buffer consisting of 10 mM Tris-HCl, pH 8.0 and 1 mM EDTA. After quantification of DNA, 10 mg DNA was subjected to electrophoresis on 1.5% agarose gel at 5 V/cm and visualized under UV light after staining with ethidium bromide. The presence of apoptosis was indicated by the appearance of a ladder of oligonucleosomal DNA fragments which are approximately 180-200 bp multiples. A 1 kbp DNA size maker was used as a molecular size standard.
Fluorometric Immunosorbent Enzyme Assay (FIEA) for Caspase-3
The activity of caspase-3 was measured using a FIEA kit according to the manufacturer's instructions (Boehringer Mannheim). 2ϫ10 6 cells treated with AETD for different time intervals were harvested and washed in cold PBS. After brief vortexing, the pellets were resuspended in lysis solution and incubated at room temperature for 1 min. After centrifuging, the supernatants were added to anti-caspase-3 coated microplate wells and incubated at 37°C for 1 h. After washing, 1ϫsubstrate solution was added to the microplate wells and incubated at 37°C for 2 h or overnight. The samples were analyzed using fluorometer (Molecular Devices; Orleans, CA, U.S.A.) at 405 nm for excitation and 510 nm for emission.
Statistical Analysis Each experiment was performed at least in triplicate. Results are expressed as the mean valueϮ S.D. Statistical analysis was performed using a Students's ttest. p values Ͻ0.05 were considered significantly different from control group.
RESULTS AND DISCUSSION
The air-dried fruiting bodies from the fermented material of I. japonica were extracted with MeOH for 2 d. Fractionation of the MeOH extract guided by propidium iodide (PI)-staining assays for the detection of apoptosis in the human leukemia cells (HL-60) afforded the active compound. The active compound was identified as 4-acetyl-12,13-epoxyl-9-trichothecene-3,15-diol (AETD) from its spectral data by comparisons with those in the literature.
12)
The MTT assay was used as an indirect measure of the viability of cultured cells. AETD was cytotoxic to various human cancer cells, including HeLa (cervical carcinoma), MCF-7 (breast carcinoma), HepG2 (hepatocarcinoma), U-937 and HL-60 (leukemia). The IC 50 values for various tumor cells are summarized in Table 1 . It has been found that HL-60 cells seemed to be the most susceptible to AETD treatment and AETD showed less cytotoxicity to HepG2 cells. It is worth pointing out that the cytotoxic activity of AETD was substantially lower toward PMNLs; AETD exerted at least 100-fold higher anti-proliferative activity toward the cancer cell line HL-60 cells than toward the normal cell line PMNLs. One drawback of cytotoxic drug therapy for treatment of malignant diseases is serious toxicity.
Although it is likely that cell death mechanisms other than necrosis and apoptosis exist, 13) the majority of cells die by one or the other of these two mechanisms. To determine the mode of cell death induced by AETD, HL-60 cells were treated for 4 h with 10 nmol/l of AETD, stained with DAPI/PI, and morphological alteration was subsequently examined under a fluorescence microscopy. As shown in Fig.  1A , the morphological changes characteristic of apoptosis, such as condensation of nuclear chromatin, nuclear fragmentation, and apoptotic bodies were clearly observed.
The biochemical hallmark of apoptosis is degradation of DNA by endogenous DNases, which cut the internucleosomal regions into double-stranded DNA fragments of 180-200 base pairs. 7) A ladder pattern of internucleosomal DNA fragmentation was observed when 10 nmol/l of AETD was applied to the cells (Fig. 1B) . To further determine the degree of apoptosis, we employed flow cytometry to quantify a) Each cell type was incubated with various concentrations of AETD for 6 h at 37°C, and subjected to MTT assays to measure IC 50 values. The data were obtained from three independent assay using three wells for each assay. b) IC 50 is the concentration at which 50% of cells are no longer viable. the sub-G 1 peak (apoptotic peak). Figure 2 shows that AETD increased the apoptotic peak in a concentration-dependent manner. These results strongly suggest that AETD can trigger apoptosis of HL-60 cells. To verify the apoptotic property of AETD in various types of cells, we quantified the sub-G 1 DNA contents of cells after treatment with 50 nmol/l of AETD. It was found that AETD increased sub-G 1 peaks in leukemia and carcinoma cells, but not in the normal cells ( Table 2) .
The mechanism of apoptosis is remarkably conserved and arbitrated with the expected greater complexity. Accumulating evidence has proved that the caspase family plays key roles in the cell death or survival in response to the numerous stimuli from inside or outside the cells. Apoptosis can be executed with the activation of the caspase family. 14) Of these, caspase-3 is an important key executioner of apoptosis.
14)
The effects of Z-VAD-fmk, a broad-spectrum caspase inhibitor, Z-DEVD-fmk, a specific caspase-3 inhibitor, and Ac- a) Each cell type was incubated with 50 nmol/l of AETD for 6 h at 37°C, and subjected to flow cytometric analysis to measure sub-G 1 DNA contents (%). The data represent the mean of triplicate assays (meansϮS.D.). b) pϽ0.05 vs. each control group (medium). c) There is no significant difference between control group (medium) and AETD-treated group. YVAD-CHO, a specific caspase-1 inhibitor, on the AETD-induced DNA fragmentation were examined. Addition of Z-VAD-fmk in combination with AETD to the cell cultures potently blocked the DNA fragmentation caused by AETD. AETD-induced DNA fragmentation was also blocked by Z-DEVD-fmk, a casapase-3 inhibitor, but not by Ac-YVAD-CHO, a caspase-1 inhibitor (Fig. 3A) . Furthermore, the activity of caspase-3 abruptly increased up to 10-fold in AETDtreated cells at 2-3 h (Fig. 3B) . These results suggest that the AETD-induced apoptosis is associated with the activation of caspase-3.
AETD has been known as a derivative of scirpenetriol.
11)
Scirpenetriol, as a secondary metabolite, belongs to the family of trichothecenes, which have long been recognized as mycotoxins produced by various Fusarium fungi. 15) Trichothecenes inhibit protein synthesis by binding to the 60S ribosomal subunit in eukaryotic cells. 16) Inhibitors of protein synthesis have been known to trigger apoptosis of tumor cells. 16) In view of these facts, the induction of apoptosis by AETD may be due to a consequence of the inhibition of protein synthesis.
The medicinal preparations from the fruiting bodies of I. japonica have long been used in Korean folk medicine to cure cancer with relatively little knowledge regarding their mechanisms of action. Since many anti-cancer drugs are known to achieve their anti-tumor function by inducing apoptosis in the target cells, [1] [2] [3] the ability of AETD to induce apoptosis may be one possible mechanism of the action of medicinal preparations from I. japonica.
In summary, this study seems to be the first report for apoptosis-inducing activity of 4-acetyl-12,13-epoxyl-9-trichothecene-3,15-diol isolated from I. japonica. via a caspase-3-dependent pathway, and the data presented here suggest its potential use as a chemotherapeutic agent. 
